m yc proteins are deeply involved in multiple biological processes including cell proliferation, growth, metabolism, apoptosis, differentiation and tumorigenesis. Paradoxically, myc proteins have been found to be capable of both inhibiting and facilitating differentiation depending on the biological context. recently we identified a new mode of myc regulation in differentiating muscle cells in which c-myc protein is proteolytically cleaved by calcium-dependent calpains in the cytoplasm. this cleavage serves two purposes. first, it inactivates the transcriptional function of myc by removing its c-terminus, a region responsible for the interaction of myc with max and dna. second, it alters cytoskeletal architecture and accelerates muscle differentiation through the activity of the remaining n-terminal cleavage product (termed myc-nick). here we discuss the roles and regulation of full-length myc and myc-nick in terminal differentiation and propose a model in which calpainmediated cleavage of myc operates as a functional switch.
Introduction
The Myc family of transcription factors is comprised of c-Myc, N-Myc and L-Myc, with c-and N-Myc being essential genes. Myc proteins activate the expression of multiple genes 1,2 and microRNAs. [3] [4] [5] [6] To promote transcriptional activation, Myc proteins form heterodimers with Max and recruit chromatin-modifying complexes to E-box sequences proximal to specific gene promoters. Myc promotes widespread chromatin changes that facilitate transcription initiation and transcript elongation. [7] [8] [9] In addition, Myc also mediates transcriptional repression by inhibiting the transcriptional
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Maralice Conacci-Sorrell* and Robert N. Eisenman Division of Basic Sciences; Fred Hutchinson Cancer Research Center; Seattle, WA USA activator Miz1. 10 Myc proteins contain several conserved domains that are essential for their function as transcription factors ( fig. 1) . Myc contains an N-terminally located transactivation domain spanning MBI-MBII (conserved regions known as Myc Boxes). The C-terminal region of Myc harbors a Basic Helix Loop Helix Leucine Zipper (BHLH-LZ) motif responsible for interaction with DNA and Max (the obligatory dimerization partner of Myc).
While normal Myc levels are essential for embryonic development and cellular homeostasis, aberrant upregulation of Myc can lead to apoptosis or malignant transformation. Indeed, Myc deregulation is closely associated with the genesis of a very broad range of human tumors. 11 To avoid outcomes such as apoptosis and oncogenic transformation, cells have developed multiple mechanisms to tightly control the levels of Myc at the transcriptional, translational and posttranslational levels. Normally Myc proteins have a half-life of about 20 minutes, 12 being degraded by the ubiquitin proteasome system in the nucleus. 13, 14 Several E3 ligases including Fbw7, Skp2, HectH9/Huwe1 and TRPC4AP/TRUSS were shown to ubiquitinate Myc and target it for proteasomal degradation. [15] [16] [17] [18] [19] On the other hand, the ubiquitination of Myc by SCF(β-TrCP) stabilizes Myc by antagonizing its Fbw7-mediated degradation. 20 Therefore, Myc abundance is modulated by several ubiquitination complexes that target Myc in response to specific signals or as a function of cell cycle phase. extra view extra view differentiation. Indeed, many early experiments using cell lines demonstrated that ectopic Myc blocks terminal differentiation. However, more recent work has provided a more complex picture in which, dependent on the biological context, Myc can either block or facilitate differentiation. Below we discuss in vivo and in vitro studies that together suggest a dual role for Myc in terminal differentiation. myc attenuates terminal differentiation. Myc promotes proliferation and maintains pluripotency of stem and progenitor cells. 36, 37 In addition, numerous studies have established that myc is transcriptionally downregulated during terminal differentiation. 38 Consistent with these findings, ectopic expression of Myc inhibits terminal differentiation of multiple cell types in culture and promotes tumorigenesis in vivo when expressed in differentiated cells. 39, 40 Moreover, the targeted deletion of N-Myc in mice induces the premature differentiation of cortical neuronal progenitor cells. 41 Myc is thought to block differentiation at the transcriptional level by activating genes involved in cell proliferation and metabolism and repressing genes involved in differentiation. 4, 6, 42 In addition, in murine ES cells c-Myc induces microRNAs that in turn silence expression of differentiation markers thereby modulating the rate of differentiation. 4 Another mechanism of Myc inactivation is likely to relate to the generation of Myc-nick. We found that during myoblast differentiation, calpains are activated and cleave Myc to produce the transcriptionally inactive form of Myc these substrates, it is not surprising that calpains have been linked to multiple biological processes. Defects in calpain function or expression can cause a variety of dysfunctions including tumorigenesis, muscle dystrophy and lethality. While hyperactivation of calpains is associated with increased tumorigenesis, 27 regulated increases in calpain activity are essential for terminal differentiation of multiple cell types. Calpains are upregulated and activated during differentiation of keratinocytes, 28 hematopoietic 29 and muscle cells, 30, 31 among others. Importantly, mutations in the muscle-specific calpain 3, which impair its proteolytic activity, are the sole cause of limb girdle muscular dystrophy 2A (LGMD2A). 32, 33 In addition, loss of function mutation of calpain r (the regulatory subunit of calpains) is lethal due to impaired cardiovascular development. 34 Moreover, the targeted deletion of calpain r in cells of the chondrocyte lineage impairs chondrocyte proliferation and differentiation. 35 Together these studies imply that calpain activity is critical for terminal differentiation. Our finding that Myc is cleaved by calpains led us to examine a possible function for Myc-nick in differentiation.
Myc Regulates Terminal Differentiation at Several Levels
As a major transcriptional driver of cell growth and proliferation myc gene expression is strongly downregulated during terminal differentiation, consistent with the idea that Myc negatively regulates family are also involved in regulating the levels of transcriptionally active c-Myc and N-Myc. 21 Unlike the proteasomal degradation of Myc that occurs in the nucleus and leads to total destruction of the protein, the cleavage of Myc by calpains occurs in the cytoplasm and generates a large N-terminal segment of Myc that we named Myc-nick. Upon calpain cleavage the C-terminus of Myc, containing the nuclear localization sequence (NLS) and the BHLH-LZ, is rapidly degraded, while the N-terminal 298 residue segment (Myc-nick) is preserved and can be readily detected in the cytoplasm ( fig. 1) . The removal of the C-terminus of Myc, which is essential for binding to DNA and Max, renders Myc-nick transcriptionally inactive. Endogenous Myc-nick is constitutively and ubiquitously expressed in cultured cells. However, the proportion of Myc-nick to full-length Myc increases when cells are cultured at high density and during muscle cell differentiation, conditions that hyperactivate calpains. 21 These findings are in agreement with earlier studies in which calpain inactivation was linked to increased Myc levels. [22] [23] [24] 
Calpain Activation is Involved in Terminal Differentiation
Calpains are a family of calcium activated cysteine proteases that function at neutral pH (see Sorimachi et al. for a recent review on calpains). 25 Numerous proteins have been identified as calpain substrates including cytoskeletal proteins and transcription factors. 26 Given the diversity of Myc-nick plays a positive role in terminal differentiation.
Myc-nick Regulates the Microtubule Cytoskeleton and Promotes Muscle Differentiation
As shown in figure 2, extracts from a number of differentiated tissues are capable of converting full-length c-Myc into Myc-nick. Among these tissues, skeletal muscle extracts display the highest cleavage activity towards Myc ( fig. 2) , which was blocked by calpain inhibitors (data not shown). We also found elevated levels of Myc-nick in skeletal muscles. 21 Importantly, we observed that overexpression of Myc-nick in both primary and cultured myoblasts accelerates their differentiation and increases expression of muscle specific markers such as tropomyosin, troponin, myosin heavy chain and desmin. Moreover, while the expression of MyoD is sufficient to transdifferentiate wild type fibroblasts into muscle cells, MyoD is unable to transdifferentiate myc-null fibroblasts. 21 This indicates that the presence of the myc gene is necessary for MyoD induced transdifferentiation. However, MyoD was capable of inducing transdifferentiation in myc-null fibroblasts of Myc induces HSC differentiation. 51 In this system, Myc is believed to downregulate the adhesion of progenitor cells to the stem cell niche, allowing them to detach and differentiate. One of the bestdocumented examples of Myc-mediated differentiation occurs in keratinocytes where the overexpression of Myc was shown to stimulate keratinocyte differentiation in vivo. 49, 50, 53, 54 Interestingly, keratinocytes are not sensitive to Myc induced apoptosis 49 and the increased differentiation was suggested to function as a protective mechanism against uncontrolled proliferation induced by Myc. 55 Further evidence that high levels of Myc are conducive to differentiation comes from the observation that neuroblastoma cells with amplified N-Myc can still undergo differentiation. 56 Moreover, the knock down of c-Myc in Xenopus results in the failure to form neural crest-derived structures.
Here the block to differentiation caused by the downregulation of Myc was found to be independent of cell proliferation or death. 57 Together these studies provide strong evidence for a positive role of Myc in driving differentiation. Since we found that Myc-nick is the form of Myc that is increased during differentiation of muscle cells, we explored the possibility that (Myc-nick) as described above. Since calpains do not require ATP, calpain cleavage of Myc is a rapid and energy-efficient way of downregulating the population of transcriptionally functional Myc proteins. We speculate that downregulation of myc gene transcription, ubiquitin-dependent proteolysis, and calpain cleavage may all cooperate to achieve the downregulation of full-length Myc that accompanies terminal differentiation.
For almost 20 years, different labs have reported a change in Myc localization from nuclear to cytoplasmic in diverse types of differentiating cells. For neuronal cells, cytoplasmic Myc signal was detected in neural crest, retinal ganglion cells, neurons of spinal ganglia 43, 44 and Purkinje cells. 44, 45 Similar observations were made in chondrocytes where c-Myc was nuclear in proliferating cells, but was primarily cytoplasmic in mature chondrocytes. 46 In endometrial carcinomas, c-Myc was nuclear in poorly differentiated forms and cytoplasmic in well-differentiated carcinomatous endometrium. 47 c-Myc was also detected in the cytoplasm of differentiating ML-1 human myeloid leukemia cells. 48 Most of these observations were largely based on immunohistochemistry studies and did not describe the apparent molecular size or other characteristics of the Myc protein expressed in each tissue. Based on our experiments, we posit that Myc-nick is the major form of Myc previously reported to accumulate in the cytoplasm of differentiated cells. myc promotes differentiation. While downregulation of Myc has been found to be important for terminal differentiation, there is considerable evidence that Myc is required for cells to progress along a differentiation lineage. This was shown in systems where commitment to a specific lineage is linked to increased proliferation. [49] [50] [51] [52] For example, by employing targeted deletions of murine c-and N-myc, Habib et al. demonstrated that Myc is essential for pre-B-cell proliferation and differentiation. This was found to involve a Myc-dependent increase in the levels of intracellular calcium. In addition, while the conditional knockout of c-Myc in hematopoietic stem cells (HSC) leads to diminished differentiation and an increase in HSCs, the overexpression signals, there is an increase in intracellular calcium, calpains are activated and Myc is cleaved. This cleavage removes the C-terminus of Myc and produces a transcriptionally inactive form of the protein (Myc-nick). The cleavage of Myc by calpains may cooperate with the transcriptional downregulation of Myc to reduce the pool of transcriptionally active Myc. In the absence of Myc in the nucleus, proliferation genes are downregulated, while genes involved in differentiation are derepressed allowing differentiation to occur. On the other hand, the cleavage of Myc by calpains produces Myc-nick that, in turn, regulates cell morphology and contributes to terminal differentiation by modulating the microtubule cytoskeleton.
Moonlighting Mediated by Calpain Cleavage
Moonlighting, or the ability to perform multiple distinct functions, has been demonstrated to be a property of a surprisingly wide range of proteins including β-actin, 78 Ezh2, 79 and p53. 80, 81 Multiple factors such as changes in localization, post-translational modifications and partial proteolytic cleavage can trigger changes in protein function. Cleavage by calpains is well known to cause partial cleavage rather than total protein degradation and may be responsible for increasing the functional diversity of their substrates. For most substrates, the molecular role of the segments produced by calpain cleavage is unknown.
Nevertheless, there are a few examples in the literature where the function of the proteolytic fragment produced by calpain cleavage is well understood. For example, the cleavage of ATG5 converts this cytosolic factor required for the formation of autophagosomes into a mitochondrial proapoptotic factor. 82 Moreover, the cleavage of the N terminus of β-catenin that occurs in hippocampal neurons produces a stable form of β-catenin that is insensitive to GSK3β phosphorylation and cannot be degraded by the proteasome. This form of β-catenin preferentially translocates into the nucleus and regulates neuronal plasticity. 83 We have now found that Myc is converted into Myc-nick by calpain cleavage switching Myc from a nuclear transcription factor to a cytoplasmic factor that differentiate. 59 In these tissues, Myc-nick may be involved in mediating at least some of the functions attributed to the myc gene in terminal differentiation and tissue maintenance. Furthermore, during keratinocyte differentiation calpains are activated 28 and there is an increase in tubulin acetylation, 62 suggesting a correlation with Myc-nick production and function. In a keratinocyte model for the autoimmune disease Pemphigus vulgaris, a smaller form of Myc, with a size corresponding to that of Myc-nick, was detected predominantly in the cytoplasm. 76 Perhaps the positive role attributed to Myc during keratinocyte differentiation 49 is carried out, at least in part, by Myc-nick. In this regard, it is worth noting that a previous study showed that blocking cellular deacetylases with TSA could mimic the effects of Myc in promoting keratinocyte differentiation. 77 The evidence outlined above provides considerable support for the idea that protein acetylation may be one of the major functions of Myc during differentiation. In addition to α-tubulin acetylation, we surmise that Myc-nick may be involved in the acetylation of other cytoplasmic proteins that regulate terminal differentiation and we are currently searching for cytoplasmic acetylation targets of Myc-nick. Moreover, we found that the interaction between Myc-nick and the acetyltransferase GCN5 is only partially responsible for Myc-nick-induced muscle differentiation, indicating that Myc-nick may play additional roles in the cytoplasm of differentiating cells. We note, however, that while Myc-nick function may be an important component in Myc-induced terminal differentiation, Myc-nick does not promote proliferation, which is a transcriptional function performed by full-length Myc. Therefore, systems that require cell proliferation to determine lineage commitment may require both full-length Myc and Myc-nick in order for lineage progression to occur.
figure 3 depicts our model for the regulation of Myc by calpain cleavage and for the role of Myc-nick during muscle differentiation. During proliferation, Myc protein is translocated into the nucleus where it activates genes involved in proliferation and represses genes involved in differentiation. In the presence of differentiation expressing Myc-nick, indicating that Mycnick is sufficient to compensate for the lack of the myc gene in this biological setting.
what is the function of myc-nick during differentiation? Our work suggests that Myc-nick plays an active role in muscle differentiation by promoting changes in the cytoskeleton that result from increased levels of acetylated α-tubulin. In many cell types, differentiation is accompanied by microtubule stabilization and an increase in tubulin modifications, 58 predominantly acetylation of α-tubulin. This modification correlates with neuronal, 59, 60 muscle, 61 and keratinocyte 62 differentiation. Previous studies had shown that the N terminus of c-Myc interacts with tubulins. [63] [64] [65] We found that Mycnick forms a complex with α-tubulin and the acetyltransferase GCN5 to induce α-tubulin acetylation and thereby promote changes in cell morphology. This is analogous to the role played by full-length Myc in transcriptional activation, where Myc forms a complex with acetyltransferases such as GCN5 and TIP60 to acetylate histone tails. 66, 67 Recently, several acetyltransferases were found to promote α-tubulin acetylation in different cellular contexts. These include ELP3, 59 ARD1, 68 NAT 10, 69 and three members of the GNAT (Gcn5-Related N acetyltransferase) family of acetyltransferases: GCN5, 21 MEC17, 70 and α-TAT1. 71 Two enzymes have been shown to deacetylate α-tubulin, HDAC6 and Sirt2; 72-74 however, we have found the induction of α-tubulin acetylation by Myc-nick to be independent of HDACs. Acetylated α-tubulin accumulates in stable microtubules, often found in microtubule based specialized structures such as primary cilium, axon and mitotic spindle. Acetylation of α-tubulin has recently emerged as an important regulator of microtubule function. For a recent review on tubulin acetylation, regulation and function see Perdiz et al., 2010. 75 In addition to muscle differentiation, the regulation of Myc function by calpain cleavage is likely to play a role in the differentiation of other cell types. For example, we recently found that Myc-nick is highly expressed in brain and cerebellum, tissues that also display high calpain activity towards Myc in vitro ( fig. 2) and require tubulin acetylation in order to regulates microtubule dynamics. Mycnick is widely expressed and represents a constitutive form of Myc that may play additional functions in the cytoplasm depending on the biological setting. The functional switch caused by calpain cleavage is likely to regulate a large number of substrates, including additional transcription factors, and may emerge as an important permanent post-translational modification that modulates multiple biological processes.
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